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ABSTRACT
We present atomic hydrogen (HI) observations using the Robert C. Byrd Green Bank Telescope
along the lines-of-sight to 27 low surface brightness (LSB) dwarf galaxy candidates discovered in
optical searches around M101. We detect HI reservoirs in 5 targets and place stringent upper limits
on the remaining 22, implying that they are gas poor. The distances to our HI detections range from
7 Mpc –150 Mpc, demonstrating the utility of wide-bandpass HI observations as a follow-up tool. The
systemic velocities of 3 detections are consistent with that of the NGC 5485 group behind M101, and
we suggest that our 15 non-detections with lower distance limits from the optical are associated with
and have been stripped by that group. We find that the gas richnesses of confirmed M101 satellites
are broadly consistent with those of the Milky Way satellites, as well as with those of satellites around
other hosts of comparable mass, when survey completeness is taken into account. This suggests that
satellite quenching and gas stripping proceeds similarly around halos of similar mass, in line with
theoretical expectations.
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1. INTRODUCTION
Recent improvements in astronomical instrumentation
(e.g. Abraham & van Dokkum 2014; Aihara et al. 2018)
and novel image searching algorithms (e.g. Bennet et al.
2017; Mu¨ller et al. 2018; Zaritsky et al. 2019) have revi-
talized studies of the low surface brightness (LSB) uni-
verse. Many of these LSB features detected resemble
dwarf galaxies (Merritt et al. 2014), while some have ex-
treme properties relative to the high surface brightness
galaxy population (e.g. van Dokkum et al. 2015).
Wide-field LSB searches for faint companions of
nearby galaxies allow comparisons with Local Group
satellite populations, and there have been concerted
efforts to obtain a census of the satellite popu-
lations around such hosts (Chiboucas et al. 2009,
2013; Karachentsev et al. 2014; Merritt et al. 2014;
Karachentsev et al. 2015; Crnojevic´ et al. 2016; Javanmardi et al.
2016; Bennet et al. 2017; Mu¨ller et al. 2017; Smercina et al.
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2018; Crnojevic´ et al. 2019). One focus is to mea-
sure the satellite populations of Milky Way-like hosts
(Javanmardi et al. 2016; Geha et al. 2017) in order to
constrain cosmic variance among halos of similar mass
(Moster et al. 2011; Fielder et al. 2019). In this con-
text, the Satellites Around Galactic Analogues sur-
vey (SAGA, Geha et al. 2017) has revealed a popu-
lation of star-forming satellites which project within
the virial radii of Milky Way-like hosts. The on-
going star formation in the bulk of the SAGA de-
tections stands in contrast to the largely quiescent,
gas-poor satellite population of the Milky Way it-
self (e.g. McConnachie 2012; Spekkens et al. 2014).
This raises the possibility that satellite gas strip-
ping and star formation quenching proceed differently
around halos of similar mass, providing an impor-
tant new observational constraint on the underlying
physics (e.g. Wetzel et al. 2015; Fillingham et al. 2018;
Simpson et al. 2018; Garrison-Kimmel et al. 2019).
The nearby Milky Way-like spiral M101 (DM101 = 7.0
Mpc, VM101 = 241 km s
−1 adopted in this work;
Lee & Jang 2012; Tikhonov et al. 2015; Mihos et al.
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2013) has been the target of several LSB searches aiming
to characterize its satellite populations (Karachentsev et al.
2014; Merritt et al. 2014; Karachentsev et al. 2015;
Javanmardi et al. 2016; Bennet et al. 2017; Mu¨ller et al.
2017). Many of the detected LSB objects have morpholo-
gies consistent with satellites of that host, although their
asymmetric sky distribution is challenging to explain if
they are all bona-fide companions (Bennet et al. 2017).
This tension is alleviated somewhat by the pres-
ence of a background group in the vicinity of M101
(DBG ∼ 27Mpc, VBG ∼ 1961 km s
−1; Merritt et al.
2016; Tully 2015), which includes the massive ellipticals
NGC 5485 and NGC 5473 among its ∼ 25 members
(Karachentsev & Makarova 2019; Saulder et al. 2016).
Indeed, follow-up observations to characterize the prop-
erties of the LSB dwarf candidates around M101 suggest
that many lie at the distance of the NGC 5485 group
(Merritt et al. 2016; Bennet et al. 2019; Carlsten et al.
2019). The distances to many others remain uncon-
strained, and there is a need for additional follow-up
observations to constrain both their locations and their
physical properties.
Deep searches for the atomic hydrogen (HI) reservoirs
of LSB detections are a powerful tool for constrain-
ing their physical properties (Spekkens & Karunakaran
2018): detections provide estimates of distance and
HI mass, while non-detections yield upper limits on
the gas richnesses of objects along the line-of-sight
(LOS). Since the HI content of field dwarfs (Huang et al.
2012; Bradford et al. 2015) as well as the environmen-
tal dependence of that content (Grcevich & Putman
2009; Spekkens et al. 2014; Brown et al. 2017) are well-
characterized in the local universe, HI follow-up observa-
tions provide a mechanism for constraining the physical
properties of the LSB dwarf candidates and the impact
of their environments on those properties.
We present HI follow-up observations along the LOS
to 27 LSB dwarf candidates in the M101 region using
the Robert C. Byrd Green Bank Telescope (GBT). We
aim to characterize their gas properties and to use that
information to place the M101 and NGC 5485 systems
into context with other Milky Way-like hosts and nearby
galaxy groups.
The structure of this paper is as follows. In Section
2, we describe our HI target selection. We outline our
observations and data reduction procedure in Section
3. In Section 4, we present the properties of our detec-
tions as well as upper limits on the gas content of our
non-detections. In Section 5, we discuss the implications
of these findings for the membership of the M101 and
NGC 5485 group systems, and for the influence of these
hosts on the gas content of the satellites. We summarize
in Section 6.
2. SAMPLE SELECTION
The M101 satellite system consists of 4 previ-
ously known, more luminous satellites (MV < −14:
NGC 5474, NGC 5477, Holm IV, and DDO 194;
Tikhonov et al. 2015). In their HI mapping study of
the M101 region, Mihos et al. (2012) detected two low-
mass HI features. We do not consider these in our
sample selection: one does not have an optical counter-
part, while the other has a recessional velocity that is
not consistent with M101. Recent optical LSB searches,
described in the previous section, have identified fainter
satellite candidates (5 of which have been recently con-
firmed with MV < −8.2: DF-1, DF-2, DF-3, DwA,
Dw9; Danieli et al. 2017; Bennet et al. 2019, see below).
As described below, we select our sample of HI targets
from M101 satellite candidates identified in those LSB
searches.
Merritt et al. (2014, hereafter M14) carried out one of
the first modern LSB searches around M101 using the
Dragonfly Telephoto Array, discovering 7 dwarf can-
didates in a ∼ 9 deg2 field. In their survey around
nearby spirals, Karachentsev et al. (2015, hereafter
K15) discovered an additional 4 dwarf candidates in
the region around M101, one of which (DwA/DGSAT1)
was separately discovered by Javanmardi et al. (2016).
LSB searches were also conducted using extant data.
Bennet et al. (2017, hereafter B17) confirmed the M14
and K15 detections and discovered 38 new LSB dwarf
candidates in a ∼ 9 deg2 field around M101 in CFHT
Legacy Survey data using a semi-automated algorithm
tuned to reveal LSB features. While the preceding
searches focused in the immediate region around M101,
Mu¨ller et al. (2017, hereafter M17) searched through
SDSS data for new LSB dwarf candidates over 330 deg2
in the broader M101 group complex to reveal 6 new can-
didates beyond the M101 virial radius. In combination,
these 4 studies revealed a total of 55 unique LSB dwarf
candidates in the region around M101.
We select all LSB dwarf candidates from the com-
bined samples of M14, K15, B17, and M17 with appar-
ent magnitudes mV < 19.5mag for HI follow-up with
the GBT. The optical properties of the resulting 27 tar-
gets are given in Table 1. Since we determine observing
times from a gas richness scaling relation for local dwarfs
(Bradford et al. 2015, see Section 3), our adopted mV
threshold implies a follow-up time for each target of a
few hours at most (see column 10 of Table 1). Column 7
of Table 1 gives the references for the optical properties
that we adopt in this study.
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A variety of studies have constrained distances to
the M101 LSB dwarf candidates since their discov-
ery, and columns 8 and 9 of Table 1 list the value
that we adopt for our follow-up targets. HST cam-
paigns reported by Merritt et al. (2016, hereafter M16),
Danieli et al. (2017, hereafter D17) and Bennet et al.
(2019, hereafter B19) have either confirmed a dwarf can-
didate’s association with M101 from Tip of the Red Gi-
ant Branch (TRGB) distances from resolved star colour-
magnitude diagrams, or reported lower distance limits
derived from the lack of resolved stars. Distance con-
straints are also reported by Carlsten et al. (2019, here-
after C19) via a surface brightness fluctuation (SBF)
technique. We adopt distances or lower limits fromM16,
D17 or B19 when available, and otherwise we adopt the
C19 estimates. Table 1 shows that of the 27 M101 dwarf
candidates that we targeted 4 have distance estimates
consistent with M101, 18 have distance lower limits that
place them in the M101 background, and the remaining
5 have no prior distance information.
We note that although a combination of stellar
mass and colour is a more accurate predictor of gas
content than stellar mass alone for the high surface
brightness galaxy population (e.g. Catinella et al. 2012;
Brown et al. 2015), we do not use g − r as a selection
criterion for our HI follow-up sample. Instead, we inves-
tigate the utility of the available colours for LSB dwarf
candidates as a predictor of gas richness in Section 5.
3. OBSERVATIONS AND DATA REDUCTION
We performed 63 hours of observations between 2016
August and 2019 August using the GBT to determine
the HI content along the LOS to the 27 LSB dwarf candi-
dates in Table 1 (programs AGBT16B-046, AGBT17A-
188, and AGBT17B-235). We used the L-band receiver
and the Versatile GBT Astronomical Spectrometer (VE-
GAS) with a bandpass of 100 MHz and spectral resolu-
tion of 3.1 kHz, dumping data every 5 seconds to build
up the requisite integration time. This wide bandpass
allows for the HI spectral line to be detected at heliocen-
tric velocities up to ∼ 14000 km s−1. This observational
setup was used for all but one candidate, DF-3, which
had a distance estimate that is consistent with that of
M101 (D17) at the time it was observed. For this target,
we used a narrower bandpass, 11.72 MHz, and a higher
spectral resolution, 0.4 kHz, centered at the heliocentric
velocity of M101, VM101 = 241 km s
−1.
Our observations spent an equivalent amount of time
on the target of interest (i.e. the “ON”) and on a set
of reference positions (that collectively constitute the
“OFF”). We estimate the integration times for our tar-
gets usingmV calculated frommg and g−r following the
relations in Jester et al. (2005) to reach a gas richness
of MHI
LV
∼ 1 M⊙
L⊙
(∼ 0.5 dex below the Bradford et al.
2015 scaling relations at LV . 10
9L⊙) with S/N = 5 in
a single 25 km s−1 channel. Gas richness is a distance-
independent quantity since bothMHI and LV scale with
distance squared. Therefore, a single spectrum allows us
to meaningfully search for an HI reservoir in our targets
anywhere within the wide bandpass.
The data were reduced using the standard GBTIDL1
procedure getps. Before smoothing the raw spectra to
our desired resolutions, we first removed narrow-band
and broadband radio frequency interference (RFI). The
latter is primarily present as a strong, intermittent GPS
signal at ν ∼ 1.38GHz that is best removed by flag-
ging the entire 5-second data dumps in which the RFI
is present. On average, we flagged 20% of the data to
remove this feature. Narrow-band RFI presents itself
throughout the entire spectrum as spurious, strong sig-
nals that span a few raw spectral channels. As scans and
their constituent integrations are co-added and eventu-
ally smoothed, these narrow-band features may resem-
ble the expected HI profile of a dwarf if not excised. To
remove narrow-band RFI, we searched through all chan-
nels of each integration for signals that exceed 5 times
the median absolute deviation. This threshold value was
found to be the most effective at identifying RFI spikes
while avoiding noise fluctuations. The values in these
channels were then replaced with the median of the 200
surrounding channels.
The calibrated, RFI-excised spectra were smoothed to
multiple resolutions from 5 − 50 km s−1 and examined
by eye to search for statistically significant emission. A
representative RMS noise for each spectrum at ∆V =
25 km s−1 resolution is given in column 11 of Table 1. We
detect HI emission along the LOS to 5 targets (column
12 of Table 1). Their spectra are shown in Figure 1
at ∆V given in Table 2, which lists all other properties
derived from these HI detections. We find no emission
associated with the 22 remaining targets. These spectra,
with velocity resolution, ∆V = 25 km s−1, are shown in
Figure 2, and the corresponding upper limits on HI mass
and gas richness are in Table 3.
4. RESULTS
4.1. HI Detections
We detect HI along the LOS to 5 of the LSB dwarf
candidates in our sample, and their spectra are shown
in Figure 1. At our observing frequency of ∼ 1.4 GHz,
the full-width half maximum of the GBT beam, ∼ 9.1′,
1 http://gbtidl.nrao.edu/
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Table 1. Target LSB Dwarf Candidate Properties
Name RA Dec mg g − r reff Ref Dopt Ref Int. Time σ25 HI
H:M:S D:M:S (mag) (mag) (arcsec) (Mpc) (hours) (mJy) Det?
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
DF-1 14:03:45.0 53:56:40 19.4 ± 0.1 0.60± 0.14 13.59 ± 0.29 M16, B17 6.37+0.35−0.35 D17 1.4 0.49
DF-2 14:08:37.5 54:19:31 19.8 ± 0.1 0.60± 0.14 10.35 ± 0.68 M16, B17 6.87+0.21−0.30 D17 4.5 0.23
DF-3 14:03:05.7 53:36:56 20.3 ± 0.1 −0.10± 0.14 20.0 ± 2.6 M16, B17 6.52+0.25−0.27 D17 1.3 0.39
DF-5 14:04:28.1 55:37:00 20.8 ± 0.2 0.20± 0.28 10.8 ± 2.6 M16, B17 > 17.5 M16 2.7 0.27 Y
DwA* 14:06:49.8 53:44:29 19.5 ± 0.1 0.50± 0.14 10.92 ± 0.23 K15, B17 6.83+0.27−0.26 B19 2.5 0.40
DwB 14:08:43.1 55:09:57 20.8 ± 0.1 0.80± 0.22 6.95± 0.54 K15, B17 > 15.1 B19 2.9 0.42 Y
DwC 14:05:18.0 54:53:56 20.5 ± 0.2 0.70± 0.28 7.9± 1.6 K15, B17 > 15.1 B19 5.5 0.21
DwD 14:04:24.6 53:16:19 19.5 ± 0.1 0.30± 0.14 9.16± 0.47 K15, B17 > 15.1 B19 1.9 0.49
Dw3 14:08:45.8 55:17:14 19.8 ± 0.1 0.50± 0.22 7.11± 0.42 B17, B17 > 15.1 B19 1.7 0.39
Dw4 14:13:01.7 55:11:16 20.1 ± 0.1 0.20± 0.14 6.88± 0.33 B17, B17 > 15.1 B19 3.6 0.25
Dw5 14:04:13.0 55:43:34 20.2 ± 0.2 0.10± 0.22 7.64± 0.86 B17, B17 > 15.1 B19 5.7 0.22
Dw6 14:02:20.1 55:39:17 19.9 ± 0.1 0.50± 0.14 8.34± 0.37 B17, B17 > 15.1 B19 1.6 0.38
Dw7 14:07:21.0 55:03:51 21.1 ± 0.1 1.70± 0.14 4.7± 0.20 B17, B17 > 15.1 B19 4.4 0.29
Dw8 14:04:24.9 55:06:13 19.8 ± 0.1 0.50± 0.14 5.70± 0.20 B17, B17 > 15.1 B19 1.6 0.34
Dw13 14:08:01.2 54:22:30 20.4 ± 0.1 0.60± 0.14 3.91 ± 0.1 B17, B17 > 15.1 B19 3.6 0.29
Dw19 14:10:20.1 54:45:50 20.4 ± 0.1 0.60± 0.14 4.56± 0.23 B17, B17 > 10.2 C19 5.4 0.35
Dw26 14:08:50.4 53:27:24 20.2 ± 0.1 0.40± 0.14 5.08± 0.10 B17, B17 − - 3.4 0.29 Y
Dw31 14:07:41.7 54:35:18 19.4 ± 0.1 0.60± 0.14 5.91± 0.23 B17, B17 > 10.8 C19 1.0 0.61
Dw32 14:07:46.4 54:15:26 19.0 ± 0.1 0.20± 0.14 10.70 ± 0.25 B17, B17 > 12.6 C19 1.0 0.76
Dw33 14:08:33.8 55:26:49 19.8 ± 0.1 0.60± 0.22 4.59± 0.21 B17, B17 18.6+3.4−2.9 C19 2.0 0.47
Dw38 14:01:17.6 54:21:14 20.1 ± 0.1 0.30± 0.14 4.33± 0.16 B17, B17 > 26.3 C19 3.3 0.62
dw1343+58 13:43:07 58:13:40 15.54 ± 0.30 0.37± 0.42 28.6 ± 1.3 M17, M17 − - 0.2 2.35 Y
dw1355+51 13:55:11 51:54:29 18.76 ± 0.30 0.67± 0.42 7.44 ± 1.3 M17, M17 − - 0.5 0.79
dw1408+56 14:08:41 56:55:38 18.01 ± 0.30 0.51± 0.42 11.0 ± 1.3 M17, M17 11.2+3.4−2.4 C19 0.2 0.52 Y
dw1412+56 14:12:11 56:08:31 19.46 ± 0.30 0.71± 0.42 8.08 ± 1.3 M17, M17 > 9.0 C19 0.7 0.52
dw1416+57 14:16:59 57:54:39 19.06 ± 0.30 0.23± 0.42 7.35 ± 1.3 M17, M17 − - 0.8 0.66
dw1446+58 14:47:00 58:34:04 18.46 ± 0.30 0.56± 0.42 8.97 ± 1.3 M17, M17 − - 0.3 0.85
Note—col.(1): Adopted LSB dwarf candidate name. cols.(2) and (3): J2000 position of optical centroid, which corresponds to our GBT
LOS. cols.(4) and (5): g−band apparent magnitudes and g − r colours. col.(6): Effective radius of LSB dwarf candidate. col.(7): First
reference lists origin of candidate name and position in cols.(1)-(3), second lists source of photometric measurements in cols. (4)-(6). col.(8):
Adopted distance constraint from reference in col.(9). col.(10): Total effective GBT integration time, including the ON+OFF positions and
subtracting any time lost due to RFI flagging. col.(11): Representative RMS noise of the spectrum at a velocity resolution of ∆V = 25 km s−1.
col.(12): Flag indicating whether or not we detect HI emission associated with dwarf candidate. References: M14 = Merritt et al. (2014),
K15 = Karachentsev et al. (2015), M16 = Merritt et al. (2016), B17 = Bennet et al. (2017), D17 = Danieli et al. (2017), M17 = Mu¨ller et al.
(2017), B19 = Bennet et al. (2019), C19 = Carlsten et al. (2019). * - Target initially reported by K15 but GBT LOS corresponds to position
from Javanmardi et al. (2016); given the 9.1 arcminute GBT beam, an offset of a few arcseconds is negligible.
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encompasses the entire stellar component of our dwarf
targets. The GBT beam response is well understood
down to ≈ −30dB (e.g. Spekkens et al. 2013), and we
can assess the extent to which gas-rich sources near
the LOS contaminate our spectra. For all of our tar-
gets, we search through NED2 and SDSS imaging cat-
alogs (Aguado et al. 2019) for objects within 30′ of the
LOS that may present themselves as gas-rich interlop-
ers in our spectra (the spectrum of one interloper, ASK
301585, is visible in panel (b) of Fig. 1). We find no such
interlopers for our HI detections, and conclude that they
are the HI counterparts to the LSB dwarf candidates
along the LOS. The HI properties that we derive for the
detections are given in Table 2.
We first derive distance-independent quantities, sys-
temic velocities (Vsys) and velocity widths (W50), follow-
ing the methods of Springob et al. (2005). We fit first-
order polynomials to both edges of each HI profile in
Figure 1 between 15% and 85% of the peak flux value.
To determine Vsys andW50, we first determine the veloc-
ities corresponding to the 50% flux level for each poly-
nomial fit. The mean of these two values provides Vsys,
while the difference providesW50 which is also corrected
for instrumental and cosmological redshift broadening to
produce W50,c. We do not correct for the effect of incli-
nation on W50. The uncertainties on the instrumental
broadening correction, which we take to be 50%, domi-
nate those on Vsys and W50 (see Springob et al. 2005).
We estimate kinematic distances, DHI , for DF-5,
DwB, dw1408+56, and Dw26 using Vsys of our detec-
tions and assuming H0 = 70 km s
−1Mpc−1. The value
of DHI for DF-5 is consistent with the lower limits on
Dopt from M16 and C19. The values of Vsys that we de-
rive for DwB and dw1408+56 are similar to those of the
background group containing NGC 5485, implying an
association. The SBF lower limit on Dopt from C19 for
DwB is consistent with our distance estimate, while their
Dopt estimate for dw1408+56 is not. C19 note that their
distance for this latter object may be unreliable due to
its unusual morphology, and they conclude that it likely
lies in the background of M101 as we find here. Our mea-
surement of DHI for Dw26 is the first distance estimate
for this system (see also B17). For the purposes of this
work, we assign a distance of DHI = DM101 = 7.0Mpc
to dw1343+58 because of its similar recessional velocity
to the broader M101 group complex.
2 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.
We calculate the HI flux, SHI =
∫
SδV , by integrating
over the line profile. HI masses, MHI , are determined
using the standard equation for an optically thin gas
(Haynes & Giovanelli 1984):
MHI = 2.356× 10
5(DHI)
2SHI M⊙, (1)
where DHI is in Mpc and SHI is in Jy km s
−1. Un-
certainties are determined following the methods of
Springob et al. (2005). Using mg and g − r from Ta-
ble 1, the relations of Jester et al. (2005), and DHI we
estimate the V−band luminosities, LV , and the gas rich-
nesses,MHI/LV . These values are tabulated in Table 2.
4.2. HI Non-detections
We find no HI signal along the LOS to the remaining
22 LSB dwarf candidates in our sample that we can at-
tribute to these objects. We show their spectra in Figure
2, normalized by the RMS values σ25 listed in Table 1.
We search through NED and SDSS imaging catalogs for
potential interlopers within 30′ of our targets. In Figure
2, HI emission from nearby objects in the spectra are
shown by green dashed lines with object names given
above them. We note that the features are positive if
the corresponding object is located in the ON, and neg-
ative if they are located in an OFF.
We use σ25 to place single, 25 km s
−1-channel 5σ upper
limits on the HI mass of the LSB dwarf candidate non-
detections, M limHI , using a modified version of Eq.(1),
M limHI = 2.945× 10
7D2(σ25)M⊙, (2)
where σ25 is in km s
−1 and D is in Mpc. For objects with
Dopt estimates or lower limits in Table 1, we use that
value as D in Eq.(2). For objects lacking a Dopt we com-
puteM limHI by setting D to the M101 distance, DM101 =
7.0 Mpc. We also estimate the HI mass of these objects
if they are located at the distance of the NGC 5485
group, (M limHI )BG, by setting D = DBG = 27Mpc in
Eq.(2). Both M limHI and (M
lim
HI )BG are given in Table
3, along with the corresponding (distance-independent)
upper limit M limHI /LV on gas richness.
4.3. Optical and Gas Properties
With the derived HI properties for our sample in-hand
we can make comparisons to their optical properties.
Figure 3 plots MHI/LV for detections and (M
lim
HI )/LV
for non-detections as a function of LV . We separate our
sample into four groups: objects with HI detections
(blue stars), non-detections with confirmed distances,
Dopt (red circles), non-detections with lower limits on
Dopt (orange squares), and non-detections with no dis-
tance measure (magenta diamonds). Since MHI/LV is
6 Karunakaran et al.
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Figure 1. HI detections along the LOS to LSB dwarf candidates in the region around M101. Target names are in the top-left
corner of each panel and the spectral resolutions ∆V of the plotted spectra are in Table 2. The spectrum in (a) is off-center
as Milky Way emission dominates at lower velocities. The dash-dotted feature in (b) is the HI emission associated with ASK
301585 (see text). The vertical, black lines below the spectra indicate the Vsys of M101 for (a) and the NGC 5485 group for
(b), (c), and (d). The derived properties of the HI detections are provided in Table 2.
Table 2. Properties of LSB Dwarf Candidates with HI detections
Name ∆V σ∆V Vsys W50,c SHI DHI log(LV ) log(MHI) (
MHI
LV
)
(km s−1) (mJy) (kms−1) (km s−1) (Jy km s−1) (Mpc) (log[L⊙]) (log[M⊙]) (
M⊙
L⊙
)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
dw1343+58 10 2.3 195± 1 37± 1 0.62 ± 0.12 7.0∗ 7.48 ± 0.12 6.85 ± 0.09 0.23 ± 0.08
DF5 20 0.3 1424 ± 4 36± 6 0.06 ± 0.02 20.3 6.26 ± 0.08 6.79 ± 0.18 3.4± 1.5
DwB 15 0.4 1913 ± 4 69± 5 0.37 ± 0.04 27.3 6.65 ± 0.04 7.81 ± 0.05 14± 2
dw1408+56 15 1.0 1904 ± 2 55± 4 0.38 ± 0.08 27.2 7.70 ± 0.12 7.82 ± 0.10 1.3± 0.4
Dw26 30 0.2 10972 ± 12 81± 16 0.15 ± 0.04 156 8.32 ± 0.04 8.94 ± 0.12 4.2± 1.3
Note—col.(2): Velocity resolution of spectrum used to compute HI properties (see Figure 1). col.(3): RMS noise of spectrum
at ∆V in col.(2). col.(4): Heliocentric systemic velocity. col.(5): Velocity width of the HI detection, corrected for cosmological
redshift and instrumental broadening. col.(6): Integrated HI flux. col.(7): Kinematic distance estimated using the Hubble-
Lemaˆıtre Law, Vsys and H0 = 70 km s
−1Mpc−1, except for dw1343+58(*) for which the M101 distance is adopted; see text for
explanation. col.(8): Logarithm of V-band luminosity calculated using mg and g− r in Table 1 and DHI from col.(7). col.(9):
Logarithm of HI mass calculated from Eq.(1) using SHI in col.(6) and DHI in col.(7). col.(10): HI-mass to V-band luminosity
ratio (gas richness).
distance independent, the location of the points along
the y-axis is known for all of the points. For non-
detections with lower limits on Dopt or no available es-
timates, we place symbols at both the Dopt lower limit
and DBG (filled and empty orange squares) or DM101
and DBG (filled and empty magenta diamonds) along
the x-axis and connect the two with a horizontal dashed
line. For clarity, we do not include HI detection Dw26,
LSB Dwarfs Candidates in HI 7
1000 2000 3000 4000 5000
−150
−100
−50
0
50
100
150
DF1
DF2
DwA
DwC
DwD
Dw3VGS38
Dw4
Dw5
Dw6
Dw7NGC 5486
ASK 302203
NSA 053178
Dw8
Dw13
Dw19
Dw31
Dw32
Dw33
Dw38
dw1355+51
dw1412+56
dw1416+57
NSA
045249 IC 0995
dw1446+58
VHelio(km/s)
N
or
m
al
iz
ed
F
lu
x
(S
/σ
2
5
)
Figure 2. Spectra along the LOS to LSB dwarf candidates for which no associated HI emission was found, at a resolution of
∆V = 25 kms−1 and normalized by the RMS values listed in Table 1. The spectra are presented in the same order as in Table
3 but with DF-3 omitted because the spectral setup for that target was different; see text for explanation. Target names are
shown above their respective spectrum at the right side of the figure. The vertical offset between the spectra is arbitrary to
better display them. Parts of the spectra where an interloping HI signal of a nearby gas-rich galaxy is present in the ON or
OFF scans are shown as green dashed lines. The vertical orange lines indicate the velocity region within which HI emission from
M101 itself may be present. Two spectra (DwC and Dw38) have had M101 emission removed and replaced with black dotted
lines for aesthetic purposes.
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Table 3. HI Upper Limits for Non-detections
Name log(M limHI ) log(M
lim
HI )BG (M
lim
HI /LV )
(log[M⊙]) (log[M⊙]) (M⊙/L⊙)
(1) (2) (3) (4)
DF-1 5.77 − 0.70
DF-2 5.51 − 0.49
DF-3 5.69 − 1.86
DwA 5.75 − 0.68
DwC 6.16 6.67 0.81
DwD 6.52 7.02 0.91
Dw3 6.43 6.93 0.87
Dw4 6.22 6.73 0.84
Dw5 6.18 6.68 0.88
Dw6 6.41 6.92 0.92
Dw7 6.29 6.80 1.12
Dw8 6.36 6.87 0.75
Dw13 6.30 6.81 1.08
Dw19 6.04 6.88 1.27
Dw31 6.33 7.12 0.89
Dw32 6.55 7.22 0.94
Dw33 6.69 7.00 0.99
Dw38 7.11 7.13 2.01
dw1355+51 6.06 7.23 0.61
dw1412+56 6.58 7.05 0.74
dw1416+57 5.98 7.15 0.85
dw1446+58 6.09 7.26 0.53
Note—col.(2): 5σ upper limit on MHI calculated from
Eq.(2) using D = Dopt and σ25 from Table 1. col.(3):
Same as col.(2) but instead D = DBG = 27Mpc of the
NGC 5485 group for systems without Dopt estimates or
with lower limits. An exception is Dw33 which has a
Dopt estimate, however, we suggest it may reside in the
background group (see Section 5.2).col.(4): Upper limit
on the gas richness (which is distance independent).
with log(LV ;L⊙) = 8.3. Considering this object in ad-
dition to those plotted in Fig. 3, over half of the HI
detections correspond to objects with higher LV than
the non-detections even if the latter are placed at the
distance of the NGC 5485 group.
Figure 4 shows gas richness versus g − r for the sam-
ple, separated into HI detections (blue stars) and HI
non-detections (red circles with downward arrows). The
horizontal dotted line indicates MHI/LV = 1M⊙/L⊙
which is typical for dwarf galaxies (e.g. Huang et al.
2012; Bradford et al. 2015). Both our detections and
non-detections have a wide range of colours. We discuss
this further in the following section.
5. DISCUSSION
With the gas properties of our HI detections and non-
detections in hand, we consider their most likely physical
associations along with their implications for the gas
richnesses of satellite systems on both the galaxy and
group scales.
5.1. Associations of HI Detections
The systemic velocities of our 5 detections allow us to
determine whether they are associated with M101 or the
NGC 5485 group in the background (see Section 1), or
whether they are at some other location along the LOS.
The systemic velocity of the HI detection of dw1343+58,
Vsys = 195 km s
−1 (Table 2), confirms that it is a
nearby dwarf. Its projected separation from M101,
dproj ∼ 580kpc, and similar Vsys to M101 (VM101 =
241 km s−1) suggests that it is likely a member of the
M101 group. The SDSS spectrum for dw1343+58,
VSDSS = 165 ± 33 km s
−1, is consistent with the Vsys
that we derive, although the SDSS pipeline mis-classified
it as a star. Given its optical morphology, M17 sug-
gest that dw1343+58 is a blue compact dwarf (BCD).
The relatively low gas richness of dw1343+58 compared
to typical star-forming dwarfs (e.g. Huang et al. 2012;
Bradford et al. 2015), and the UV counterpart that we
identify in our search of archival GALEX data pro-
vide further evidence in support of this classification
(Thuan & Martin 1981; Gil de Paz et al. 2003).
On the other hand, DwB and dw1408+56 have Vsys
consistent with that of the NGC 5485 group. Using
their kinematic distances and projected separations,
we estimate that the physical separations of DwB
and dw1408+56 from NGC 5485 are ∼ 450 kpc and
∼ 940 kpc, respectively. Given its kinematic distance,
the properties of dw1408+56 resemble those of a gas-
rich ultra-diffuse galaxy (UDG;Reff > 1.5 kpc, µ0 >
24mag arcsec−2; van Dokkum et al. 2015) progenitor
with Reff = 1.45 ± 0.17 kpc and µr,0 = 23.28 ±
0.06mag arcsec−2 (Spekkens & Karunakaran 2018).
This finding is broadly consistent with UDG number-
halo mass relation estimates (e.g. van der Burg et al.
2017), which imply that the number of UDGs in a
group like that containing NGC 5485 should be of order
1.
DF-5 was suggested to be a member of the NGC 5485
group since HST imaging does not resolve any stars
(M16), and our HI detection confirms that it is in the
background of M101 with Vsys = 1424km s
−1. While
this Vsys differs by ∼ 500km s
−1 from that of the group
(Tully 2015), the small projected separation between
DF-5 and NGC 5485 implies that a physical associa-
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tion is nonetheless feasible. We return to this issue in
Section 5.2.
Dw26 is our most distant HI detection with DHI =
156Mpc. At such a distance, Dw26 is a star-forming
galaxy well in the background of both M101 and the
NGC 5485 group. The vast range of distances that we
derive from our HI detections in the M101 region demon-
strates the need for follow up observations of optical LSB
features to determine their physical properties and as-
sociations.
The relationship between stellar mass, colour and gas
richness in the high surface brightness galaxy population
is well-studied (Catinella et al. 2012; Huang et al. 2012;
Bradford et al. 2015; Brown et al. 2015): at fixed stel-
lar mass, bluer systems are more gas-rich. By contrast,
Fig. 4 illustrates that our HI detections exhibit the same
broad range in g−r as our non-detections, and therefore
that the reported colours do not predict gas richness.
While it is possible that star formation is regulated dif-
ferently in these faint systems compared to the broader
galaxy population (Wheeler et al. 2015; El-Badry et al.
2016; Di Cintio et al. 2019), we deem it more likely that
the large photometric uncertainties at such low surface
brightness (B17, M17), evidenced by the sizeable error
bars in Fig. 4, preclude the use of colour as an indica-
tor of the presence of gas. This further underscores the
utility of follow-up HI observations to constrain the gas
content and star formation activity in the LSB galaxy
population.
5.2. HI non-detections and the NGC 5485 group
The majority of our follow-up HI observations re-
sulted in non-detections, implying that the LSB dwarf
candidates along those LOS are gas poor. Among them,
15/22 have distance constraints or lower limits from
optical follow-up that place them in the background of
M101 (see Table 1). Because field galaxies are almost
universally star forming and HI rich (Geha et al. 2012;
Bradford et al. 2015) whereas our non-detections are
clearly gas poor, we consider the likelihood that all of
our non-detections are associated with the NGC 5485
background group and have been stripped of their
HI reservoirs through environmental processes (e.g.
Gatto et al. 2013; Wetzel et al. 2015; Simpson et al.
2018).
Figure 5 shows all of the targets in our sample that
have no known association with M101 and project
within ∼ 2 degrees of NGC 5485 (= 1 Mpc at DBG;
dashed circle). These targets are either confirmed to
be in the background of M101 via our HI detections
(stars), are undetected in HI but have optical distance
measurements or lower limits that place them beyond
M101 (circles). Fig. 5 suggests that, if our HI non-
detections are at the NGC 5485 group distance and
have been stripped of their gas due to environmental
effects, then the sphere of influence of that group has a
radius of at least ∼ 1 Mpc. Observations show that the
fraction of gas-rich or star-forming satellites depends on
group mass (Brown et al. 2017; Schaefer et al. 2019),
while simulations suggest that the environmental influ-
ence of a group extends beyond its virial radius Rvir
(Bahe´ et al. 2013; Cen et al. 2014). The latter suggest
that the HI non-detections in Fig. 5 could plausibly stem
from gas stripping within ∼ 2− 3Rvir of the NGC 5485
group, which is broadly consistent with literature esti-
mates of its Rvir (solid circle in Fig. 5, Tully 2015;
Saulder et al. 2016; Karachentsev & Makarova 2019).
Indeed, the properties of both our detections and non-
detections are consistent with a scenario in which al-
most all are physically associated with the NGC 5485
group. In this picture, the non-detections correspond
to galaxies that have had their gas stripped by the
NGC 5485 intra-group medium or by tides, as the gas
in satellite galaxies is not expected to survive after
first infall (Wetzel et al. 2015). The HI detections cor-
respond to galaxies on the group outskirts that have
not lost their gas or have yet to be processed by the
group environment. NGC 5485 has stellar stream-
like features which are likely due to past interactions
(Karachentsev & Makarova 2019), further supporting
this scenario.
We consider each of the HI detections in turn to
assess whether or not their properties are consistent
with this scenario. The large projected separation be-
tween dw1408+56 and the group center as well as their
correspondence in Vsys suggest that this object is in-
deed on the group outskirts. Similarly, the large dif-
ference in Vsys between DF-5 and the NGC 5485 group
(∼ 500km s−1) suggests that it is on its first infall with a
large peculiar velocity. By contrast, DwB projects near
the group center and has a similar Vsys; if it is indeed
near the group center it should be gas-poor. This can be
reconciled with our scenario if DwB is separated from
the NGC 5485 group along the line-of-sight. In this case,
the correspondence between the NGC 5485 group Vsys
and that of DwB would stem from the peculiar velocity
of the latter because it is on first infall.
We note that the only HI follow-up target plotted in
Fig. 5 that is known not to be associated3 with the
NGC 5485 group is Dw26, which our HI detection places
3 We note that the C19 SBF distance for Dw33 places it in
the background of M101 but also in the foreground of NGC 5485.
However, since C19 caution that the uncertainties on their Dw33
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far in the background (D ∼ 156Mpc). However, it is
unlikely that a significant number of our non-detections
are at such large distances: a mechanism for stripping
them in a lower density environment needs to be found.
We therefore posit that the most plausible origin for the
majority of our non-detections is that they belong to the
NGC 5485 group.
5.3. Satellite Gas Richness
Our observations afford comparisons between the
gas content of confirmed M101 satellites with that of
the satellites of the Milky Way as well as with the
populations around galaxies of similar mass. Figure
6 makes such a comparison: we plot MV as a func-
tion of projected separation, Dproj, at the host dis-
tance for all known M101 satellites (maroon symbols;
Tikhonov et al. 2015; Danieli et al. 2017; Bennet et al.
2019) down to the B17 completeness limit ofMV = −7.5
(horizontal dotted line), all known Milky Way/Local
Group sattelites down to that same limit (yellow sym-
bols; 2015 update of McConnachie 2012), and the 27
satellites detected within the projected virial radii of
8 Milky Way mass hosts from the SAGA survey. The
SAGA satellite populations are spectroscopically com-
plete down to a limit of Mr = −12.3 , orMV = −12.1
for a median g − r = 0.4 (horizontal dash-dotted line,
Geha et al. 2017). The stars denote satellites that are
star forming or gas rich, and the circles denote satellites
that are quiescent or gas poor. M101 satellites with HI
observations from this work are enclosed by black boxes,
and the vertical dashed line indicates Dproj = Rvir. We
adopt Rvir = 260 kpc for M101 (Merritt et al. 2014)
and Rvir = 300 kpc for the Milky Way and the SAGA
hosts (see Geha et al. 2017 for more detail).
Fig. 6 illustrates that the satellites within Rvir of
M101, the Milky Way or the SAGA hosts that are
brighter than MV ≃ −12 are typically star forming or
gas rich, as are most companions beyond Rvir. By
contrast, the satellites within Rvir that are fainter
than MV ≃ −12 are typically quiescent or gas poor.
This difference in gas content and star formation ac-
tivity between bright and faint satellites likely results
from environmental effects: the gas reservoirs of low-
mass subhalos are more easily stripped, and their star
formation quenched, due to their shallower potential
wells relative to high-mass subhalos (Wetzel et al. 2015;
Emerick et al. 2016; Fillingham et al. 2016). Fig. 6
therefore implies that the high fraction of star-forming
satellites detected within Rvir by SAGA and the low
distance measurement may be underestimated, we deem it plau-
sible that Dw33 is in fact associated with NGC 5485.
fraction of HI-rich satellites within the Rvir of M101
and the Milky Way can be explained by differences in
survey sensitivity rather than inherent differences in
the star formation activity among satellite populations.
Instead we find that, when completeness is taken into
account, the gas richnesses of the satellite populations of
M101, the Milky Way, and the SAGA hosts within Rvir
are broadly consistent with one another. This suggests
environment has a similar effect on the satellite popu-
lations of different Milky Way-mass hosts, in line with
expectations from simulations (e.g. Fillingham et al.
2018).
6. CONCLUSIONS
We have presented HI follow-up observations using the
GBT along the LOS to 27 optically detected LSB dwarf
candidates in the M101 region (see Table 1). We find the
HI counterparts of 5 targets (Figure 1) and derive their
gas properties such as HI masses and velocity widths
(Table 2). We find no HI emission along the LOS asso-
ciated to the remaining 22 (Figure 2) and place strin-
gent 5σ single, 25 km s−1-channel upper limits on their
HI masses and gas richnesses (Table 3).
Among detections, we find that dw1343+58 is likely
a member of the M101 group while Dw26 is far in the
background with DHI ∼ 150Mpc. We find that the re-
maining 3 LSB dwarfs with HI detections (DF-5, DwB,
and dw1408+56) are likely members of the background
NGC 5485 group. We show that detections and non-
detections span a similar range in measured colour (Fig-
ure 4), implying that at these low surface brightnesses,
measured colours are not a good indicator of gas content.
These findings demonstrate the utility of HI follow-up of
optically detected LSB features to constrain their phys-
ical properties.
The optical lower distance limits and projected sep-
arations of our HI non-detections from the elliptical
galaxy NGC 5485 suggest that they all could be satel-
lites of that group, where any gas they once had has been
gas stripped by environmental effects (Figure 5). In this
context, the sphere of influence of the NGC 5485 group
has a radius R ∼ 1 Mpc, in-line with observational and
theoretical constraints.
We compare the gas richnesses of confirmed M101
satellites to those of the Milky Way satellites and of sim-
ilar mass hosts in the SAGA survey (Figure 6). Account-
ing for completeness, we find general agreement be-
tween these populations: satellites within the virial ra-
dius brighter than MV ≃ −12 are broadly star-forming
and gas-rich while those fainter than this threshold are
broadly quiescent and gas-poor. This suggests that the
effect on satellite gas content is similar around hosts
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of similar stellar mass, in line with theoretical expecta-
tions.
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